Abstract-A new pulse excitation scheme using a Fourier series is proposed to analyze the wide-band response of optical waveguides. To validate the scheme, a waveguide with high-reflection coatings and a waveguide grating are analyzed using the finite-difference time-domain method. Calculation shows that the transmissivity and reflectivity can be evaluated by a one-time solution over a wide wavelength range of 0.5-2.0 m (two octaves).
I. INTRODUCTION
I N THE time-domain lightwave analysis, such as the finitedifference time-domain (FDTD) method [1] , pulse excitation with the aid of the Fourier transform is often used, since this allows us to obtain the wide-band response of the lightwave by a one-time solution.
It should be noted that an optical waveguide supports substantially different transverse field distributions, depending on a specific wavelength. Nevertheless, the conventional Gaussian-pulse method assumes the same input modeshape for all wavelengths. This often results in serious error at wavelengths away from the carrier wavelength of the pulse, particularly in strongly guiding waveguides. We, therefore, often need accuracy checking based on continuous-wave (CW) inputs [2] . One way to avoid this error is to use so-called "bootstrapping" [1] , which requires running a preliminary model of the waveguide that is sufficiently long to decay all undesired fields. However, this requires tedious work with an extra time-consuming procedure.
In this letter, we propose a new pulse excitation scheme using a superposed wave composed of the modal fields at several wavelengths. As an application, a waveguide with high-reflection (HR) coatings [3] and a waveguide grating [4] are studied to demonstrate the effectiveness of the present excitation scheme. Only the numerical results for the transverse-electric mode are presented, although the transverse-magnetic mode can also be treated. The present scheme enables us to obtain the wide-band response of the transmissivity and reflectivity by a one-time solution. 
II. EXCITATION SCHEME
In the evaluation of wavelength characteristics using a time-domain method, a Gaussian pulse modulated by a sine wave is often used [5] , which is given by (1) where is the time offset, is the pulsewidth parameter, is , in which is the carrier wavelength, and is the eigenmode field of the waveguide at . It is needless to say that the eigenmode field varies as the wavelength deviates from the carrier wavelength. The conventional Gaussian-pulse method cannot take into account the difference in modal profile at wavelengths far away from the carrier wavelength, resulting in undesirable radiation as the field propagates [as will be seen in Fig. 1(b) ].
In order to resolve the problem, we introduce the Fourier series where is the fundamental angular frequency, in which is the fundamental wavelength, and the coefficient of the th Fourier component is given by (3) in which is taken to be . We should note in (2) that can comprise the modal transverse fields at angular frequencies of . As expected, the accuracy improves as the number of Fourier components is increased. However, three components are enough to obtain reasonable results, as will be seen later. Note that we have some freedom to choose and . In this letter, we choose in such a way that its higher components include .
To clarify the essential properties of the present pulse, we first analyze the pulse propagation in a two-dimensional (2-D) waveguide. We let , the carrier wavelength m, and the fundamental wavelength m. Then the coefficients are calculated to be , in which higher than may be neglected because of their smallness. Thus, the three wavelengths to be used are 1.6 m, m, and m, which are effective beyond a wide wavelength range of 0.53-1.6 m, as will be shown in Fig. 2 .
The instantaneous snapshot of the present pulse is shown in Fig. 1(a) . For comparison, the field obtained with the conventional Gaussian pulse in (1) is also illustrated in Fig. 1(b) . It is worth mentioning that the unguided field observed in Fig. 1(b) is almost eliminated in Fig. 1(a) .
III. APPLICATION
To demonstrate the effectiveness of the present scheme, we deal with two 2-D structures. The spectral responses of the transmissivity and reflectivity are evaluated from the ratio between the Fourier transforms of the observed pulse and the excited pulse. For comparison, the results obtained with the conventional Gaussian pulse and with the CW inputs are also presented. Throughout this letter, the perfectly matched layer absorbing boundary condition [6] is imposed at the edge of the computational window.
A. Waveguide With HR Coatings
We investigate the reflectivity of the waveguide with HR coatings shown in Fig. 3 , which is the same as that treated in [3] . The HR coatings are composed of six alternating dielectric layers of a quarter-wavelength (at m) thickness. The refractive indexes are , and . The core width is m. The numerical parameters are fixed to be m and m. We use the same pulse parameters as those used in Fig. 1 . Fig. 2 shows the reflectivity as a function of wavelength. It is found that the reflectivity obtained with the present scheme is in good agreement with that obtained with the CW inputs. The results obtained with the conventional Gaussian pulse deviate particularly at long wavelengths, since the carrier wavelength is fixed to be 0.8 m.
B. Waveguide Grating
We next consider the waveguide grating shown in Fig. 4 , which is the same as that treated in [4] . The refractive indexes are and . The grating thicknesses are taken to be m and m to meet the phase-matching condition. There are 16 periods. The core width is fixed to be m. The numerical parameters are chosen to be m and m. We use the following pulse parameters: m, and m. This choice leads to coefficients of . We neglect and higher than , so that the wavelength components of the Fourier series are m, m, and m. This set of wavelengths is appropriate for the analysis over a range of longer wavelengths as compared with that used in Fig. 5 shows the transmissivity and reflectivity against wavelength. We can again find good agreement between the present method and the CW input method. The transmissivity obtained with the conventional Gaussian pulse induces error as the wavelength deviates from a carrier wavelength of 1.5 m.
IV. CONCLUSION
A pulse excitation scheme using a superposed wave composed of the modal fields at several wavelengths has been proposed for the analysis of wide-band characteristics of optical waveguides. The present pulse can propagate along an optical waveguide without undergoing radiation.
To validate the present scheme, a waveguide with HR coatings and a waveguide grating have been analyzed using the FDTD method. The result obtained with the present scheme agrees well with that obtained with the CW inputs, while the result obtained with the conventional Gaussian pulse induces error at wavelengths away from the carrier wavelength. The present scheme contributes to reduction in computational time, since the transmissivity and reflectivity over a wide range of wavelengths are obtained by only a one-time solution.
